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Secreted proteins play a central role in the interaction of bacteria with their environment (64) . For the human pathogen Staphylococcus epidermidis, protein secretion facilitates commensal growth on skin as well as the invasive biofilm growth associated with implanted devices (41) . Generally, the secretion of many of proteins, in both Gram-positive bacteria like S. epidermidis as well as Gram-negative bacteria, is mediated by the evolutionarily conserved general secretory (Sec) system. In Gram-negative bacteria, the Sec system exports proteins to the periplasm, where they may then be recognized by other specialized systems for transport across the outer membrane, while in Gram-positive bacteria, Sec translocates proteins directly into the extracellular environment. Proteins are targeted to the Sec system via an N-terminal signal peptide that is removed after translocation by a type I signal peptidase (SPase).
While there is much interest in defining the bacterial secretome, the essentiality of SPase, as well as other components of the Sec system, precludes the characterization of secretion in their absence. Instead, much effort has been directed toward the use of sequence analysis to predict potential SPase signal peptides and, thus, proteins that may be targeted for secretion. The consensus signal peptide recognized by SPase comprises on average the first 25 to 32 amino acids of the preprotein, with the sequences typically being longer in Gram-positive bacteria (42) , and has a tripartite organization, with a positively charged N terminus, followed by a hydrophobic portion that commonly terminates with a Gly or Pro and then a C terminus that includes the SPase recognition site. The recognition site itself consists of small, aliphatic residues at positions Ϫ1 and Ϫ3 relative to the cleaved bond, and these correspondingly bind in the S1 and S3 binding sites of SPase. While Ala is most common at both the Ϫ1 and Ϫ3 positions, Gly, Ser, Cys, and Thr are also found at the Ϫ1 position, and Gly, Ser, Cys, Ile, Val, and Leu are also found at the Ϫ3 position. The surrounding residues at the ϩ1, Ϫ2, Ϫ4, and Ϫ5 positions appear to be less critical, with most residues tolerated, with the exception of Pro at the ϩ1 position (42) , and although a role for the residues beyond the ϩ1 position have been noted (14) , their contribution is not well understood. Thus, while many trends have been identified, the prediction of signal peptides recognized by SPase based on sequence alone remains challenging and is further complicated by signal peptides that only poorly conform to the consensus rules (2, 3, 25, 33, 44, 59) . Proteins processed by SPase may also have cell wall retention signals, which are themselves difficult to predict (8, 25, 61) . Moreover, this approach predicts only which proteins have the potential to be secreted, as secretion will depend on growth and environmental factors.
In principle, the proteins secreted under a given set of conditions may be determined experimentally by identifying the proteins found in the media (13, 16, 21, 53, 60, 63, 67) . However, this approach does not determine whether the presence of the protein in the medium is due to secretion or instead due to small levels of unavoidable cell lysis; in fact, known cytoplasmic proteins may comprise the majority of the proteins detected (2) . While the detection of extracellular proteins that have been cleaved at likely SPase sites mitigates this complication (46), it does not rule out cleavage by a protease other than SPase and is complicated by further proteolysis, which is common and can remove the evidence of SPase activity.
The arylomycins are a class of natural products that were isolated from Streptomyces strain Tü 6075 based on their ability to inhibit Escherichia coli SPase in vitro (26, 50) . Previously, we synthesized one member, arylomycin A 2 , and a synthetic derivative, arylomycin C 16 (Fig. 1) , and found that they are both potent and selective inhibitors of S. epidermidis SPase in vivo (47, 55a) . While the arylomycins potently kill S. epidermidis (MICs of 1.0 and 0.25 g/ml for arylomycin A 2 and arylomycin C 16 , respectively), cell death is minimal when stationary-phase cells are treated for only brief periods of time, suggesting that these compounds may be useful chemical biology probes of protein secretion. Here, we use arylomycin C 16 to identify the S. epidermidis proteins that are processed by SPase and secreted into the medium during stationary-phase growth via two-dimensional gel electrophoresis in combination with liquid chromatography (LC)-tandem mass spectrometry (MS) (MS/ MS). The results reveal that only 11 proteins appear to be secreted in an appreciable quantity via the general Sec pathway during stationary-phase growth. However, we observed different levels of inhibition among the secreted proteins, suggesting in turn that they have different affinities for SPase, possibly revealing a previously unappreciated level of control over the secretome. Moreover, these proteins represent important virulence factors, and thus, the results shed light on the survival strategies of S. epidermidis and suggest that an arylomycin antibiotic might act to reduce virulence during therapy. Finally, we identify two proteins that appear to have noncanonical SPase recognition sites located internally within the protein that are generally difficult to detect using other approaches.
MATERIALS AND METHODS

Materials.
Components for growth media were manufactured by Difco Laboratories (Detroit, MI). Arylomycin C 16 was synthesized as described previously (47) . S. epidermidis RP62A was obtained from the ATCC (ATCC 35984).
Two-dimensional gel electrophoresis. S. epidermidis ATCC 35984 (RP62A) was grown on tryptic soy agar (TSA) overnight at 37°C. A single colony was inoculated into 3 ml of tryptic soy broth (TSB) and grown overnight at 37°C with vigorous shaking. An aliquot (1 ml) of the culture grown overnight was then inoculated into 500 ml TSB and also grown overnight under the same conditions. Saturated cultures were centrifuged (10,000 ϫ g for 5 min) and washed with TSB (200 ml) to remove any residual secreted proteins and then resuspended in 500 ml TSB to a density of ϳ3 ϫ 10 9 CFU/ml. The resulting saturated 500-ml culture was then separated into 100-ml aliquots, and the following concentrations of arylomycin C 16 were added in a fixed volume of dimethyl sulfoxide (DMSO): 0ϫ, 0.5ϫ, 1.0ϫ, and 4.0ϫ the MIC (corresponding to 0, 0.25, 0.5, and 2 g/ml, respectively). After incubation with shaking for 2 h at 37°C, the optical density was recorded, and aliquots were plated to determine the number of viable cells for each culture. Cells were then collected by centrifugation (10,000 ϫ g for 5 min) and discarded. Supernatants containing the secreted proteins were clarified by filtration using a 0.22-m low-protein-binding membrane. Proteins were then precipitated by the addition of 10% (wt/vol) trichloroacetic acid (TCA) followed by an overnight incubation on ice and then harvested by centrifugation (18,600 ϫ g for 1 h). The resulting pellets were washed four times with 100% ethanol, dried, resuspended in 100 l of 4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) plus 8 M urea, and assayed for total protein (Bio-Rad protein assay).
Protein samples for electrophoresis were normalized by the number of viable cells, which were found to be ϳ2-fold decreased in all arylomycintreated samples compared to the DMSO-only control. To further increase our confidence that changes in viable cell numbers did not contribute to the observed protein levels, we also quantified total protein levels, which were also found to be decreased by ϳ2-fold. For the first dimension of electrophoresis, linear immobilized pH gradient strips, pH 3 to 10 (Ready-Strip; Bio-Rad, Hercules, CA), were passively rehydrated with protein sample overnight at room temperature according to the protocol supplied by the manufacturer. Isoelectric focusing of the strips was run to 24,000 V-h. For the second dimension, 10% to 14.5% precast SDS-polyacrylamide gradient gels (Criterion; Bio-Rad) were run at 200 V for 54 min. After the second dimension, each gel was fixed for 30 min in 10% methanol-7% acetic acid and then stained overnight with SYPRO ruby protein gel stain (Invitrogen), washed in 10% methanol-7% acetic acid for an additional 30 min, and finally rehydrated in water for subsequent MS analysis. Sets of gels corresponding to secretion in the presence of 0ϫ, 0.5ϫ, 1.0ϫ, and 4.0ϫ the MIC of arylomycin C 16 were independently reproduced three times.
Protein digestion. From each set of two-dimensional (2D) gels, protein spots whose intensity decreased with increasing arylomycin C 16 concentrations were identified by visual inspection and were excised from the arylomycin C 16 -free gel for characterization by LC-MS/MS. The excised gel bands were destained with a mixture of a 50:50 (vol/vol) dilution of acetonitrile-25 mM ammonium bicarbonate before being dried with a SpeedVac system. The proteins contained in the gel were then reduced in 25 l of 10 mM D,L-dithiothreitol (Sigma) for 1 h and alkylated with 25 l of 55 mM iodoacetamide (Sigma) for 30 min in the dark prior to an 18-h trypsin digestion at 37°C using a 1:30 (wt/wt) enzyme-to-substrate ratio. The resulting peptides were extracted twice with a 50:45:5 (vol/vol) volume of acetonitrile-water-formic acid and concentrated to 30 l before being analyzed.
Separation of peptides and mass spectrometry. Peptides were analyzed by reverse-phase chromatography prior to mass spectrometry analysis using the following method. Nanoelectrospray capillary column tips were made inhouse by using a P-100 laser puller (Sutter Instruments). The columns were packed with Zorbax SB-C 18 stationary phase (Agilent) purchased in bulk (5-mm particles, with a 15-cm length and a 75-mm inner diameter). The reverse-phase gradient separation was performed by using water and acetonitrile (0.1% formic acid) as the mobile phases. The gradient began at 5% acetonitrile and was ramped to 8% acetonitrile over 10 min. The acetonitrile was ramped to 35% acetonitrile over 20 min and then increased to 90% acetonitrile for another 20 min and maintained for another 10 min prior to reequilibration to 5% acetonitrile.
Data-dependent MS/MS data were obtained with an LTQ linear ion trap mass spectrometer using a home-built nanoelectrospray source at 2 kV at the tip. One MS spectrum was followed by 4 MS/MS scans on the most abundant ions after the application of the dynamic exclusion list. Tandem mass spectra were extracted by use of Xcalibur software. All MS/MS samples were analyzed by using Mascot (version 2.1.04; Matrix Science, London, United Kingdom) with S. epidermidis proteins contained in the NCBInr protein database, assuming the digestion enzyme trypsin. Mascot was searched with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 2.0 Da; identification was done at the 95% confidence level with a calculated false-positive rate of Ͻ1% as determined by using a reversed concatenated protein database. Scaffold (version Scaffold-01_06_03; Proteome Software Inc., Portland, OR) was used to additionally validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at a greater than 95.0% probability as specified by the Peptide Prophet algorithm (28) . Protein identifications were accepted if they could be established at a greater than 99.0% probability and contained at least 2 identified peptides as specified by the Protein Prophet algorithm (28) . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
RT-PCR. S. epidermidis cells for total RNA preparation were grown and treated with arylomycin as described above for two-dimensional gel electro-FIG. 1. Arylomycin A 2 (R ϭ iso-C 12 ) and arylomycin C 16 (R ϭ iso-C 16 ).
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phoresis and then lysed by using RNAprotect bacterial reagent (Qiagen) and the enzymatic lysis, proteinase K digestion, and mechanical disruption method supplied by the manufacturer. Lysates were subjected to total RNA isolation with the RNeasy minikit (Qiagen) according to the manufacturer's protocols. One microgram of total RNA was used for reverse transcription (RT) using the Superscript III first-strand synthesis kit (Invitrogen) according to the manufacturer's protocol. Subsequent first-strand cDNA (50 ng) was combined with SYBR green and 10 pmol primers (Table 1) in a total volume of 20 l and subjected to the following cycling conditions with Taq polymerase (NEB) in a Bio-Rad iCycler: 94°C for 3 min followed by 30 cycles of 94°C for 15 s, 50°C for 30 s, and then 68°C for 1.5 min, followed by a melt curve to check that each primer set had only a single peak. Data were analyzed automatically with iCycler iQ software (Bio-Rad) using the comparative threshold cycle (C T ) method. The transcription of 16S rRNA was used as a control, and samples were analyzed in duplicate. Protein sequence analysis. Molecular masses and average pI values were calculated by using the ExPASy proteomics server (http://expasy.org/cgi-bin/pi _tool). SPase cleavage sites, membrane anchor sequences, and transmembrane (TM) segments were predicted by using SMART (34) (http://smart.embl -heidelberg.de/), TMHMM (31) (http://www.cbs.dtu.dk/services/TMHMM/), LocateP (65) (http://www.cmbi.ru.nl/locatep-db/cgi-bin/locatepdb.py), SignalP 3.0 neural networks (SignalP-NN) and hidden Markov model (SignalP-HMM) algorithms (9) (http://www.cbs.dtu.dk/services/SignalP/), and PrediSi (http://www .predisi.de). Default settings (for Gram-positive bacteria) were used for these Web-based programs.
RESULTS
To identify proteins in S. epidermidis whose secretion relies on SPase, we compared protein spots on 2D gels of the extracellular fraction isolated from strain RP62A exposed during stationary-phase growth to various concentrations of arylomycin C 16 (0ϫ, 0.5ϫ, 1.0ϫ, and 4.0ϫ the MIC) (Fig. 2) . Roughly 125 protein spots were identified in the 2D gels of untreated samples. Visual inspection of the gels revealed 18 spots whose intensity showed a dose-dependent decrease with arylomycin treatment (Fig. 2) . The corresponding spots were excised from the gels of untreated samples and subjected to LC-MS/MS analysis, resulting in the identification of 11 different proteins (Table 2 ). In comparison, intracellular levels of the corresponding mRNA were virtually unaffected (Fig. 3) , confirming that inhibition occurred at the level of secretion and not transcription.
The SsaA-like protein (SERP0318, 100% identical to SE_0433) was detected as a single spot in the samples without arylomycin treatment that was absent in all treated samples, and each prediction methodology employed identified the same 25-amino-acid signal peptide ( Table 2 ). The single spot migrated with an apparent mass of ϳ25 kDa and a pI of ϳ6.5, consistent with those predicted for the SPase-processed, fulllength protein (calculated mass of 25.8 kDa and pI of 6.0). Correspondingly, peptides identified by mass spectrometry correspond to sequences throughout the protein, minus the signal peptide.
The autolysin AtlE (SERP0636) was detected as two spots, one at ϳ30 kDa with a pI of ϳ9.5 and another at ϳ75 kDa with a pI of ϳ4.5, neither of which was observed for any of the arylomycin-treated samples. AtlE is predicted to have a welldefined, 29-amino-acid signal peptide (Table 2) , and the secreted protein is known to be further processed to yield a 120-kDa protein and then cleaved again to generate a 60-kDa alanine amidase fragment and a 52-kDa glucosaminidase fragment, which also appear to be subject to further degradation (22) . The peptides isolated from both spots correspond to the alanine amidase domain, with the 75-kDa spot comprised of peptides covering amino acids 41 to 461 and the 30-kDa spot comprised of peptides covering amino acids 318 to 461.
SERP2263 is annotated as an autolysin and is predicted to be targeted for secretion by a 27-residue signal peptide ( Table  2 ). The protein was detected as a single spot with an apparent molecular mass of ϳ25 kDa and an apparent pI of ϳ4.5 whose intensity decreased until it was not visible at 4ϫ the MIC. The observed mass is only a fraction of that predicted for the secreted protein (70.6 kDa), and the only peptides detected were derived from residues between residues 154 and 365, which are just N terminal to the predicted glucosaminidase and C-terminal cysteine-, histidine-dependent aminohydrolase/peptidase (CHAP) domains, suggesting that the protein may undergo proteolysis after secretion.
The protease SspA (SERP1397) is predicted to be translated with a 28-residue signal peptide (Table 2) and was detected as a single spot with an apparent mass of ϳ24 kDa and a pI of ϳ7.5 that was not observed in the presence of higher inhibitor concentrations. The mass and pI are in good and fair agreement, respectively, with those predicted for the fully processed protein (calculated mass of 23.6 kDa and pI of 6.2). Correspondingly, peptides from most of the protein minus the predicted signal sequence (amino acids 45 to 282) were detected.
In the case of SERP1428, which is an apparent homolog of Staphylococcus aureus immunodominant antigen B (IsaB) (17% identity and 26% similarity) and which is predicted to be translated with a 26-residue signal peptide (Table 2) , we detected a single spot with an apparent molecular mass of ϳ17.5 kDa and pI of ϳ5.5, in agreement with the mass and pI predicted for the full-length secreted protein (17.4 kDa and pI 5.7, respectively). However, only peptides from the C-terminal half of the protein (between amino acids 91 and 178) were detected, possibly due to poor N-terminal fragment detection. The intensity of the spot decreased as a function of added arylomycin, and none was detectable at the highest concentration. Our analysis also identified the lipases GehC and GehD, which each appear to be synthesized as preproenzymes with signal peptides of 35 and 37 amino acids, respectively (Table  2 ). In the case of GehC, we observed a single spot in the untreated control sample that was absent in all arylomycintreated samples. While the apparent mass of the protein (ϳ80 kDa) is slightly above the calculated mass for the processed proprotein (73.7 kDa), it is significantly larger than the mass of the mature lipase (44 kDa) (54) . Correspondingly, peptides from regions throughout the proprotein were detected, and the apparent pI agrees with the calculated value of 5.5 for the full-length proprotein. In the case of GehD, we observed two spots in the 2D gels of all samples, both of which decreased with added arylomycin. Like GehC, the slower-migrating spot b Numbers correspond to the translated sequence. The sequences of LtaS and BlaR1 were arbitrarily started at residues 144 and 302, respectively. c All spots showed roughly the same sensitivity to inhibition.
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had an apparent mass (ϳ75 kDa) that was slightly greater than that calculated for the proprotein (68.1 kDa) and an apparent pI (ϳ8.5) that was higher than expected (pI 6.6). The slowermigrating spot had an apparent mass of ϳ45 kDa, consistent with that predicted for the mature lipase (44 kDa), although the apparent pI of ϳ8 is slightly higher than that predicted (pI 6.5). Peptides from the entire length of the proprotein were detected in the 75-kDa spot, and peptides corresponding to only the mature lipase were detected in the 45-kDa spot. While the intensity of both GehD spots decreased with added arylomycin, the heavier protein spot was not observed at or above a concentration of 1ϫ the MIC, and the second protein spot persisted until a concentration of 4ϫ the MIC, possibly reflecting the various proteolyses of the differently processed proteins. The cysteine protease SspB (SERP2390) is predicted to be translated with a 30-amino-acid signal peptide (Table 2 ) and was detected in four different spots with apparent masses varying from approximately 18 to 45 kDa and apparent isoelectric points of approximately 9 to 10. Peptides corresponding to regions starting just beyond the predicted SPase cleavage site and spanning the entire protein were detected in the 45-kDa spot, suggesting that it corresponds to the full-length secreted protein, which is further supported by its predicted mass of 41.4 kDa and pI of 9.4 (with the faster-migrating spots assumed to correspond to proteolytic fragments). While the secretion of the protease decreased with added arylomycin, it remained detectable at all inhibitor concentrations examined.
IsaA (SERP2138) is a likely transglycosylase and virulence factor that is predicted to be translated with a 28-residue signal peptide ( Table 2 ) that was previously shown to be recognized by SPase in vitro (45) . Two spots corresponding to IsaA were observed at ϳ23 and ϳ25 kDa, with apparent isoelectric points of ϳ5.5 and ϳ6, respectively. The two spots may correspond to variously processed forms of the secreted proteins, and both appear to migrate slower than expected (the predicted mass of the secreted protein is 21.8 kDa). Only peptides corresponding to a central region of the protein between amino acids 126 and 216 were detected. The heavier fragment was observed only in the absence of arylomycin; while the amount of the smaller fragment decreased with added inhibitor, it was still present at the highest arylomycin concentration examined.
A canonical N-terminal signal peptide was not detected with two of the identified proteins, LtaS (SERP0379), which is involved in lipoteichoic acid synthesis (36) , and BlaR1 (SERP1460), which is a component of a two-component response regulator involved in the sensing of ␤-lactam antibiotics (30) . However, LtaS is predicted by sequence analysis to have five N-terminal transmembrane helices and a C-terminal, extracellular domain (which has been annotated as a sulfatase [UniProt accession number Q5HR16]). When the sequences surrounding each of the predicted transmembrane helices were examined individually, a high-probability SPase recognition site was detected between amino acids 173 and 174, which is located just C terminal to the last transmembrane helix ( Table  2 ). The protein was detected as a single spot at ϳ50 kDa and pI ϳ8, which is consistent with the values predicted for the C-terminal domain after cleavage between residues 173 and 174 (36, 66) , and all of the detected peptides were from the extracellular domain. The intensity of the spot decreased with added arylomycin, although it still persisted at the highest arylomycin C 16 concentrations examined.
BlaR1 was detected as a single spot with a mass of ϳ25 kDa and a pI of ϳ9 that was not present in the arylomycin-treated samples. While BlaR1 does not appear to have an obvious Sec-type signal peptide, as with LtaS, sequence analysis indicates that it does have a series of N-terminal transmembrane helices (19) and a high-probability SPase recognition sequence predicted just C terminal to the last transmembrane helix (between amino acids 331 and 332) ( Table 2) . Correspondingly, the apparent mass and pI of the protein are consistent with those predicted for the extracellular domain (30 kDa and pI 9.1). Moreover, all of the peptides detected corresponded to fragments from within the extracellular domain (between amino acids 341 and 562).
DISCUSSION
During the early growth phase, bacteria are thought to export surface proteins that function primarily as adhesins, but as growth proceeds toward the late exponential phase, the expression of these proteins is suppressed and extracellular proteins are upregulated and secreted into the environment (15, 64) . These secreted proteins are thought to include important virulence factors, such as proteases, nucleases, lipases, and autolysins, which facilitate persistence and/or dissemination (1, 64) . However, the determination of exactly which proteins are processed by SPase has proven difficult.
To develop a general approach for identifying proteins that are secreted in an SPase-dependent manner, we synthesized arylomycin C 16 , a derivative of the arylomycin class of natural products, which potently and selectively inhibit S. epidermidis SPase in vivo (47, 55a) . S. epidermidis is the most common cause of nosocomial infections (41) , most notably with implanted devices, and costs the United States alone an estimated $28.4 to $33.8 billion annually (51) . Based on the available sequence of the S. epidermidis RP62A genome, it is estimated that more than 600 proteins are synthesized with potential Sec-type signal peptides, although most are predicted to remain associated with the cell membrane, and canonical SPase recognition sequences, in the absence of any cell wall retention signals, are obvious in only 29 of these proteins (65) . We detected roughly 125 protein spots in medium prepared from stationary-phase cultures of S. epidermidis by 2D PAGE. However, in the presence of increasing amounts of arylomycin C 16 , we observed a dose-dependent decrease in the intensity of spots corresponding to only 11 proteins, suggesting that only these proteins are recognized by SPase and actually secreted via the general Sec pathway (note that S. epidermidis appears to lack a twin-arginine translocation pathway, which in other organisms also relies on SPase [11, 42] ).
Of the 29 S. epidermidis proteins that are predicted by LocateP (65) to be translated with SPase cleavage sites and which lack identifiable cell wall retention signals, we identified 7 whose presence in the medium is indeed dependent on SPase. Six of these were also identified previously by Batzilla et al. (6) , including AtlE, GehC, GehD, IsaA, SspA, and the SsaA-like protein. We also identified five proteins that were not detected by Batzilla et al. (6) , including three with canonical signal peptides, SspB, IsaB, and SERP2263, as well as two that appear to have noncanonical SPase cleavage sites, LtaS and BlaR1.
It is also interesting to consider the proteins that are predicted to be secreted but which were not detected as SPase substrates. For example, despite detecting the SsaA-like protein encoded by SERP0318, we did not detect SsaA itself (SERP1880/SERP2136), which is predicted to have a signal peptide and which has been detected immunologically in sera from some patients with S. epidermidis infections (32) . In addition, while we detected several proteases, we did not detect the thermolysin-like zinc metalloprotease SepA, despite its synthesis with an apparent Sec-type signal peptide and its secretion into the medium as the processed protein lacking the signal peptide sequence when expressed in Staphylococcus carnosus (58) . SepA was also detected in the extracellular fraction of clinical, biofilm-forming S. epidermidis strain 567 previously by Batzilla et al. (6) but not by Ohara-Nemoto et al. in their studies of non-biofilm-forming S. epidermidis strain ATCC 14990 (40) . Despite detecting the lipases GehC and GehD, we did not detect several other enzymes with similar proposed functions that are predicted to have signal peptides, including the putative lipases SERP0018 and SERP2336 as well as the putative esterase SERP2109. Other proteins predicted to be translated with a signal peptide but not detected in our experiments include a lysozyme domain protein (SERP0043), a putative transcriptional regulator (SERP0640), the transglycosylase SceD, the UTP-glucose-1-phosphate uridylyltransferase GalU, the adhesion protein IcaB, the ATPase subunit KdpC, as well as eight hypothetical proteins. While it is possible that some of these proteins are secreted under other conditions, we cannot exclude the possibility that some are secreted at undetectable concentrations and/or are obscured by other proteins in the 2D gels. Regardless, the nature of the 11 proteins that were detected provides important information about the growth and virulence of S. epidermidis.
Peptidoglycan hydrolases are essential for reorganizing the cell wall during vegetative growth and cell division and are also thought to be important virulence factors (62) . We found that arylomycin C 16 inhibited the secretion of four peptidoglycan hydrolases: AtlE, the SsaA-like protein encoded by SERP0318, SERP2263, and IsaA, making this the major type of protein secreted by S. epidermidis. The autolysin-adhesin AtlE is the major autolysin of S. epidermidis, and it has a well-defined role in virulence (22, 49, 55) and is also thought to play a role in biofilm formation through its hydrophobicity (22) and its ability to bind various plasma and matrix proteins (22, 23, 43) . The SsaA-like protein encoded by SERP0318 has a C-terminal cysteine-and histidine-dependent aminohydrolase/peptidase (CHAP) domain and two N-terminal LysM peptidoglycan binding domains, which are commonly associated with bacterial cell wall degradation. It is homologous to the secretory antigen SsaA-like protein of S. aureus (80% identity), which is a surface antigen that is upregulated by sigB and is important for biofilm formation (7, 10) . SERP0318 is also similar to S. aureus Sle1 (46% identical), which is an autolysin with Nacetylmuramyl-L-alanine amidase activity (27) . SERP2263 also appears to contain an N-acetylmuramoyl-L-alanine amidase as well as a transglycosylase domain, while IsaA is annotated as a transglycosylase, and both are known virulence factors (35, 56) . Secreted proteases play an important role in virulence by scavenging nutrients in the form of short peptides, processing other extracellular bacterial proteins, and degrading host proteins. Commonly, serine proteases, cysteine proteases, and metalloproteases are secreted (17) , but only the serine protease SspA (SERP1397, also known as Esp, GseA, and GluSE) and the cysteine protease SspB (also known as Ecp) were observed to be secreted in S. epidermidis. SspA and SspB are transcribed on a single polycistronic mRNA that is regulated by the Agr and Sar systems (6, 17) . SspA is homologous to the S. aureus V8 protease (65% identity), which is an important virulence factor (17, 38, 39) that possibly interferes with complement activation and blood coagulation (17, 38) . SspB is homologous to both of the S. aureus staphopain cysteine proteases SspB1 and SspB2 (61% and 75% identical, respectively) and has been shown to degrade human immunoglobulins, serum albumin, fibronectin, and all three subunits of fibrinogen, which might contribute to immune system avoidance and the establishment and/or dissemination of infection (52) . The extracellular localization of the S. aureus homologs was demonstrated previously and was also shown to be dependent on the alternative sigma factor B (24) . Secreted lipases are thought to be important for the colonization of lipid-rich environments, such as the skin habitat of S. epidermidis (12, 54) . As with secreted proteases, secreted lipases are synthesized as preproproteins, and we detected two, GehC and GehD, whose presence in the medium was dependent on SPase activity. In addition to a signal peptide, GehC and GehD each contain the conserved YSIRK-G/S motif, which has been detected in surface proteins of other bacteria and is thought to target these proteins to a specialized mechanism of secretion (4, 48, 57) . However, our data reveal that at least the majority of their secretion is mediated by the general Sec pathway and SPase. Consistent with this conclusion, neither GehC nor GehD has a C-terminal LPXTG sorting signal for cell wall attachment as was observed with other YSIRK-G/S motif-containing proteins (4).
The secretion of SERP1428, an apparent homolog of S. aureus IsaB, was also inhibited by arylomycin C 16 . IsaB is an S. aureus virulence factor, and its secretion and nonspecific DNA and RNA binding were demonstrated previously (37) . Given the contribution of extracellular DNA to biofilm formation, Mackey-Lawrence et al. explored the contribution of IsaB to S. aureus biofilm formation (37) , and although they did not detect any in their plastic adherence assay, those authors pointed out that this does not rule out a role for IsaB under more physiological conditions.
An interesting observation from the arylomycin dose dependencies of the secreted proteins is that the secretion of different proteins appears to show different sensitivities to inhibition ( Table 2 ). For example, among the peptidoglycan hydrolases, the secretion of AtlE and the SsaA-like protein encoded by SERP0318 was strongly inhibited by arylomycin C 16 , while that of SERP2263 and IsaA was only moderately inhibited. The secretions of the two lipases GehC and GehD also showed very different dose dependencies, with the former being more inhibited than the latter. This finding suggests that different Sec-type signal peptides are recognized by SPase with different affinities (although the origins of the differential recognition need not reside entirely within the signal peptide sequence itself [14] ). This in turn suggests that under conditions of limiting SPase activity, SPase specificity may contribute a previously unappreciated level of control over the secretome.
From the perspective of potential drug development, it is interesting that much recent interest has focused on the targeting of virulence mechanisms (5, 18, 29) . Nonetheless, approaches based on inhibiting virulence will likely suffer from a limited spectrum, as most proteins that contribute to virulence are not essential and thus free to diverge. In this regard, SPase is unique in that it is essential and its active site is highly conserved. Thus, the demonstration that SPase activity is required for the secretion of multiple virulence factors suggests that the arylomycins might be developed as broad-spectrum antibiotics that inhibit virulence while also killing the bacteria.
A surprising result of the current study is that levels of the cytoplasmic domains of the LtaS and BlaR1 transmembrane proteins found in the media decrease with added arylomycin. This result suggests that both proteins are SPase substrates, despite their apparent lack of N-terminal signal peptides, which are the only generally accepted SPase substrates. However, an internal site that is topologically identical to a canonical N-terminal signal peptide was identified in each protein (Fig. 4) . The finding that LtaS is cleaved at an internal Ala-XAla site, suggestive of SPase recognition, was recently reported by Lu and coworkers for the S. aureus protein, but the participation of SPase was not confirmed (36) . In this case, N-terminal sequencing revealed cleavage at 217 ALA-SE (cleavage at the hyphen). However, this site is not predicted by SignalP (SignalP-HMM probability of 0.0), in contrast with the site that we detected at 173 AFA-ET (SignalP-HMM probability of 1.0). It is thus possible that additional processing occurs after the initial SPase-mediated cleavage or that SignalP is unable to recognize the site in this case. Moreover, Bacillus subtilis encodes five SPases, and the double mutant bereft of two SPases showed decreased levels of the LtaS homolog YfiI (2). Finally, there are a variety of reports in the literature suggesting that SPase may act at internal sites, analogous to that proposed here with LtaS and BlaR1 (2, 3, 25, 33, 44, 59) . This, and the fact that 2 out of 11 SPase substrates detected in S. epidermidis appear to be cleaved internally, suggests that internal cleavage sites are not uncommon and that SPase may have a variety of other previously unappreciated regulatory roles, such as in cell wall biogenesis and the regulation of inherent resistance to ␤-lactam antibiotics.
It is likely that the arylomycins will provide a general chemical biology tool for the study of SPase-mediated secretion in a variety of bacteria and under a variety of conditions. However, it should be noted that the approach identifies only proteins that are synthesized and secreted under the experimental conditions employed. In this study, we examined stationary-phase cells in order to minimize the effects of antibiotic-mediated cell lysis, although any cell lysis associated with the arylomycin treatment of exponentially growing bacteria would be expected to increase protein levels in the medium and thus should not interfere with the identification of SPase-mediated export (which is identified by decreased levels of a given protein in the medium). Regarding generality, we have recently identified a diverse range of Gram-positive and Gram-negative bacteria whose SPases are potently inhibited by arylomycin C 16 in vivo (55a), and thus, arylomycin C 16 should be useful for the characterization of protein secretion in these bacteria as well. While the SPases of E. coli, Pseudomonas aeruginosa, and S. aureus are resistant to the arylomycins, we have identified strains of each bacterium with SPase mutants that are also potently inhibited by arylomycin C 16 , making it possible to profile secretion in these important pathogens as well. However, the approach on its own cannot distinguish between proteins whose levels are decreased as a direct result of SPase inhibition and proteins whose levels are decreased due to the indirect effects of inhibiting an essential process. In this study RT-PCR was used to demonstrate that the decreased levels of the identified proteins do not result from altered transcription, and all of the identified proteins have Sec-type leader sequences; therefore, the data support the conclusion that the proteins are indeed secreted in an SPase-dependent manner. In a similar fashion, arylomycin C 16 
